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whereas an artery of 4rrun diameter has a lmm wall thickness and the ratio of smooth muscle to 
elastic tissue is greater. Arteries further from the heart have a greater percentage of muscular 
tissue and are thicker-walled, while the larger vessels closer to the heart are thinner-walled and 
consist mainly of elastin and collagen. The blood vessel is composed of various layers of tissue, 
each with a different composition and a different function. The inner-most layer of the artery 
(intima) is comprised of an endothehallayer, essentially flat cells that act as an interface between 
the blood and serve a friction-reducing role. The medial layer is compIised of smooth muscle 
cells and elastin, the smooth muscle to provide the contraction of the vessel wall and the elastin to 
serve a structural purpose and cause the vessel to maintain its original shape. The outermost layer 
or adventitia is made up of collagen interspersed ·with elastin. Collagen is a stiff material 
compared with elastin and the two act in conjunction: elastin for distensibility and collagen as a 
limiter to excessive arterial expansion. Figure 1.2 below shows the cross-section of an artery and 
details the different structural components. Figure 1.3 is a simplified schematic of a vascular tree, 
showing the tapering in size of veins and arteries towards the periphery and the difference in 
compositions of veins and arteries at different positions. 
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Smooth muscle 46.4 ± 7.7 33.5 ± 10.4 60.5 ± 6.5 
Ground substance 17.2 ± 8.6 S.6± 6.7 26.4 ± 6.4 
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Colla en 27.4 ± 13.2 36.8 ± 10.2 11.9±8.4 
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Ground substance 25.1 ± 8.3 10.6 ± 10.4 24.7 ± 9.3 
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Stress-strain curves for 3 samples of 17 dtex 
Lycra® elastane fibre tested at 100mmlmin strain 
rate. 
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Stress-strain curves for 3 samples of 290llm 
polyurethane fibre tested at JOOmmimin strain rate 
tested in air). 
Stress-strain curves for 3 samples of 130f.1m nylon 
fibre tested at 100mmlmin strain rate (tested in air). 
Figure 2.5: Tensile test data ofPolyuretbane and nylon fibres. 
2.5 PREDICTING THE EFFECT OF REINFORCING ON COMPLlANCE 
2.5.] Methods of Predicting Compliance Used by Other Researchers. 
The effect of helical windings on the external surface of a cylinder may be empirically 
detenuined. Hellener, Cohn and Marom [8] showed the circumferential stiffness of a helically-
wound filament graft to increase with a decrease in winding angle, where the angle is measured 
from the transverse axis. The obvious reason for this is that there are more windings per unit 
length of the graft, and hence there is more material to resist the circumferential distension. 
Gershon et al [9] used the following equation to predict the engineering compliance of a filament-
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455 dtex Polyester multifilament 130 !-1m nylon monofilament 
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Table 3.1: Linear densities and diameters oftbe monofilament fibres 
1- Fibre (moaofilament) dtexJ linear density Measured diameter 
. hun) 
Polyurethane 54 1 g/ I OOOOm (est.) 288.7 
17 dtex Lycra® 17g/10000m 48.7 
22 dtex Dorlastan® 22 g/10000m 67.9 
33 dtex Dorlastan® 33 g/10000m 82.6 
nylon 140g/10000m (est.) 130.0 
3.2 MANUFACTURlNG TECHNIQUES 
3.2.1 The Porous Graft (Media) 
Grafts with two different types of porosities were produced for testing: grafts manufactured by a 
rolling process with a salt as the pore-former, and grafts manufactured by a casting process with 
gelatin microspheres as the pore former. 
3.2.1.1 Rolled Salt-cast Grafts 
A paste of polyurethane solution plus salt (sodiwn hydrogen carbonate) was prepared. The 
polyurethane solution itself was a mixture of the pure polymer and a solvent, in this case NMP (1-
Methyl-2-Pyrrolidinone) in a ratio of 20% polymer and 80% solvent. The salt was dried and 
sieved and particles in a size range of90-106 /lm were used. The paste was mixed in a ratio of2:1 
saltsolution which gave a salt polymer ratio of 10: 1. Once the paste was prepared, it was placed 
inside a large disposable-type syringe. Six millimetre diameter stainless steel mandrels of length 
±20Ornm were prepared with 2 ring -shaped Teflon® spacers at each end (these are required to 
give an even wall thickness of 1mm during the rolling process). The paste was then squeezed 
from the syringe onto the mandrel and the mandrel rolled back and forth to distribute the paste 
evenly around the diameter. The rolled grafts were then placed in an incubator at 37 deg. C and 
100% humidity for ±12 hrs to cure (curing happens by a precipitation process, whereby, the 
solvent in the polymer paste is replaced by a non-solvent, in this case water). After incubation, the 
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in this period. The washing process dissolves all the salt particles in the paste, leaving a non-
defined sponge-like microstructure. The cured grafts were then dried in air and cut to the desired 
length when needed for testing. The porous structure is shown in figure 3.2 below. 
Figure 3.2: Scanning electron micrograph of the salt-cast structure 
3.2.1.2 Bead-cast Grafts 
With this method, grafts were formed by casting the NMP-polymer solution into an annular 
mould. The mould was pre-filled with lOO!lm gelatin micro spheres, the pore-fonning agent. The 
moulding device consisted of a manifolcL into which glass tubes were inserted to fonn the outer 
graft surface. Down the middle of each of these, a stainless-steel mandrel that forms the inner 
diameter of the graft, was inserted. By the simultaneous application of a vacuum to the bottom 
manifold and pressurised air to the top of the mould, the solution was drawn down the length of 
the tubular mould. After the solution has travelled the fuU length of the mould, the mould-
mandrel-graft assembly was removed from the casting manifold and placed in pure ethanol to 
cure (the reason for this is that the ethanol prevented the gelatin beads from swelling while still 
curing the polymer). Subsequently, the gelatin microspheres were extracted by placing the grafts 
in hot water (up to ±60 deg. C). Thus the end product was a porous tubular article, of length 
approximately 160 rom long). The grafts were then dried and were ready for further processing. A 
picture of the casting apparatus and micrograph of the final porous structure is shown in figure 
3.3 and 3.4 below. The bead-cast grafts had a final diameter of7.5mm cast from 8rrun glass tubes 
- this could be the result of some shrinkage during extraction of the gelatin micro spheres when 
the graft is heated. In comparison, the salt-cast grafts had a diameter of 8.3mm. When calculating 
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Figure 3.3: Scbematic drawing of a cross-section tbrougb the vacuum-pressure casting 
device. 
Cross section through vacuum-pressure 
cast 
Detail of the gelatin-microsphere-cast 
structure 
Figure 3.4: Detail of tbe cross-section of a gelatin-microspbere (bead-cast) graft structure, 
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3.2.2 Manufacturing tbe Artificial Adventitia 
The adventitial fibres were applied by helical winding and bonded to the external surface of the 
graft with polyurethane solution. For this purpose, an automated winding apparatus was designed 
and built. The porous grafts were inserted over a mandrel and the mandrel then positioned 
horizontalJy, with one end locating in a collett which was driven by a micro-stepping motor and 
the other end supported in a spring-loaded live centre (a free-rotating centralising device). A 
second micro-stepping motor controJJed the motion of the applicator device, essentially a syringe 
filled with polyurethane solution through which the fibre passed before being applied to the graft 
surface. The applicator was driven by a lead screw paralJel to the axis of the mandrel (see figure 
3.5 below). By separately controlling the speed of rotation of the mandrel and the movement of 
the applicator, one could produce various winding patterns on the surface of the graft. This was 
achieved by custom-written software by which one could program the winding speed, winding 
angle (and hence wind gap), and also the number of traverses. Thus, the mechanical properties of 
the adventitial layer could be quite easily controlled. The winding angle, which also determined 
the gap between adjacent fibres, determined the end flexibility of a graft. As the winding gap 
decreases, the kink resistance of the graft improves but because there are more windings per 
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lnitiaJly there were problems fInding the correct polyurethane solution which would not destroy 
the fibre during winding (some solvents of the polyurethane also happened to be solvents of the 
polymer fIbres as well). It was decided to use a solution with THF (tetrahydrafuran) as the 
solvent. A 10% mixture of polymer to solvent (by weight) was prepared. This solvent did not 
dissolve the Dorlastan® or nylon fIbres. Importantly, the viscosity of this solution was low 
enough not to cause too much friction on the fIbre as it passed through the solution. A viscous 
solution results in the fIbre 'cutting' into the graft because of too much tension. Some electron 
micrographs of sections of the reinforced grafts are shown in fIgme 3.6 below. 
Salt-cast graft reinforced with 130/lm nylon 
monofilament at 2.Smm ·tch. 
Salt-cast graft reinforced with 33dtex (80/lm) 










Salt-cast graft: reinforced with JJdtex (80lJ.m) 
Dorlastan® at 2.5nun pitch (double wrapping) 
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Salt-cast graft: reinforced with JJdtex (80lJ.m) 
Dorlastan® at 2.5mm pitch (single wrapping) and 
no at 2.5mm . 
Figure 3.6: Scanning electron micrographs of the exterior surfaces of the reinforced porous 
grafts. 
After being wrapped with the particular reinforcing, the grafts were allowed to dry (the THF 
solvent in the polyurethane solution requires evaporation in order for the polyurethane to cure). 
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At the dotted line, where there is an inflection in the curve, the material yields, or the secondary 
bonds between adjacent chain molecules are overcome and the material begins to undergo 
irreversible plastic deformation (or 'necking'). In polymers, the long chain molecules begin 
unravelling and the specimen will elongate. At 'C' the material reaches its ultimate tensile 
strength and the specimen breaks as the primary covalent bonds are broken. In polymers, the 
shape of the stress-strain curve is quite temperature-dependent: at lower temperatures, a polymer 
will exhibit a more brittle nature and might show little or no plastic deformation before breaking. 
At higher temperatures, the activation energy required to break the secondary bonds between 
molecules is lower and the material wil I yield at a lower stress. The mechanical properties of a 
plastic are determined by the length and shape of the long chain molecules found in them, as well 
as the type of secondary bonds between adjacent molecules. For instance, a cross-linked rubber 
has strong secondary bonds between chains that allow the material to return to its original shape 
after being stretched (see figure 4.2 below). When detenuin.ing the properties of a composite 
structure, it is important to consider the mechanical properties of the constituent materials, as well 




___ -_-. C 
E,strain 
Figure 4.2: Some typical stress strain curves for some polymers: A - hard brittle polymer, B 
- cross-linked rubber, C - soft thermoplastic polymer, D- semi-crystalline polymer. 
In figure 4.3 below is a tensile test graph showing the stress response of 3 of the polymer fibres 
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Figure 4.3: Stress-strain curves of 3 polymer fibres tested: nylon, polyurethane and 
Dorlastan®. 
The tenns "visco-elasticity" and "visco-plasticity" are used to describe the degree of 
recoverability of a material when it is stressed and then the stress removed. For example a visco-
elastic material will take more time to return to its original dimensions than an elastic material. A 
visco-plastic material will only partly recover s me of the deformation induced by an applied 
stress. These phenomena are exhibited by the response of a material to stress. The energy losses 
(hysteresis) due to visco-elasticity or visco-plasticity are determined by first loading the material 
and then unloading it. The amount of hysteresis is determined by the area enclosed by the two 
curves (see figure 4.4 below). The teon "creep" refers to the gradual defonnation of a material 
under a constantly applied stress. This is an important consideration for materials under cyclic 
loading conditions (an oscillating stress), and is particularly applicable to vascular graft materials, 
which undergo many such cycles. Should the graft be made of a visco-elastic or visco-plastic 
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~ = hysteresis / energy 
losses 
!' = loading 
;I = unloading 
E,strain 
Figure 4.4: Loading-unloading curves for: A: a completely elastic material, B: a visco-elastic 
material witb low bysteresis losses and C: a visco-plastic material with higber bysteresis 
losses and only partial dimensional recovery. 
4.1.1 Tensile Testing Equipment 
Testing was conducted on an Ins/ron tensile testing machine, model 5544 using a load cell of 
500N. The test data was recorded 00 a PC running the Merl in cootroller software. A removeable 
water-bath, fitted to the testing table of the Instron, allowed for testing at elevated temperatures 
(37 deg. C). 
Figure 4.5: Model 5544 Instron tensile tester 
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4.2.2.1 Pumping Units 
a.) Ventricle-pumping Device: 
A ventricle-pumping system, similar to the one used by Schima, Tsangaris and Zilla [40], was 
evaluated. Two Windkesse\ chambers were also used for pulse smoothing and to create the 
necessary back -pressure. While this apparatus provided quite a good flow wavefonn, it was more 
difficult to reproduce the desired pressure curve. The advantage of this device was that it was 
possible to adjust the pulse rate, the systolic time as well as the rate of pressure increase on the 
systolic curve. The apparatus made use of a type of artificial heart, which contained 2 chambers 
separated by a flexible membrane, one air-filled into which the compressed air from the driving 
unit was pulsed, the other water-filled and forming part of the fluid circuit. Two mechanical 
valves were used to ensure uni-directional flow (see figure 4.6 below). It was found to be 
important to maintain an adequate vertical geometry, and to have some head of pressure to ensure 
the proper opening and closing of the inlet valve on the heart. There was some concern that 
fluttering of either of these valves might also cause some irregularities in the flow. 
~ Outlet 
Airpulse ~ 
I-way val ves 
Membrane 
Figure 4.6: schematic drawing of tbe ventricle pump 
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b.) Modified Peristaltic Roller Pump 
After attempting to produce a suitable pressure wavefonn with the ventricle pumping device, a 
Sarns peristaltic roller pump was connected to the circuit to see if a better wavefonn could be 
achieved. After some testing and the addition of an insert in the pumping chamber, an acceptable 
pressure curve was obtained (see figure 4.7 below). It was found that the shape and amplitude of 
the curve was qui te dependent of the speed of rotation of the pump as well as the pinch gap of the 
rollers (see "Reproduction of the pulsatile wavefonn"). Unfortunately, at low revolutions, the 
shape of the pressure wave deteriorated, (see Addendum I, graph 'a' p123), hence testing was 
performed at 60 rpm which gave a pulse rate of 120 beats per minute (since there are 2 rolJers and 
therefore 2 pulses per revolution). The front portion of the insert created a sharp increase in 
pressure, similar to a systolic pulse, while the tapered end of the insert gave a more gradual 
decrease in pressure back down to the diastolic value. Graph 'b' of figure 4.8 below is an example 
of the pressure wavefonn achieved using the roller pumping device. 
Insert 
~_ c:::::::> Outlet 
Figure 4.7: Schematic drawing oftbe modified roller pump 
Below are two examples of the pressure and flow wavefonns achieved with the ventricle 
pumping device and the roller pump. The modified roller pump was chosen as the preferred 
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Figure 4.8: Two examples of pressure and flow waveforms achieved with the two types of 
driving units; a: ventricle pump, b: rolJer pump 
I - I Proximal pressure 
I - I Distal pressure 
I - I Flow 
4.2.2.2 The Testing Chamber 
A specialised testing chamber was purpose designed and built (see figure 4.9 and 4.10 below). A 
removable specimen holder allowed for easy change of specimens. Two different size nozzles 
allowed for the testing of different diameter grafts (namely 4 and 6mm internal diameter grafts). 
Since it was necessary to test at 37° C, the chamber needed to be able to contain a fluid that could 
be temperature-controlled. Thus the perspex-sided chamber enclosed an aluminum heat 
exchanger at the base (G), through which heated water was pumped from a Neslab RTE-300 
water coolerfheater. This ensured that the water of the chamber was not disturbed during testing, 
which would possibly cause errors in the diameter measurement of the grafts. The left end of the 
specimen holder was adjustable by means of a nut and a lead screw (A), while the fitting at the 
right end of the holder was free to 'float' axially, or be clamped during testing. This end of the 
holder housed an air bearing (E) which allowed for lengthening of the graft during testing (this 
would be in the case of isotonic testing, whereby the graft is placed under a certain axial tension 
and allowed to lengthen under an applied pressure). Should one wish to perform isometric testing, 
(whereby the length of the graft is fixed during testing), then the right hand shaft may also be 
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c 
Figure 4.9: Tbe compliance testing cbamber; A: adjustm nt screw, B: Micrometer 
adjustment screw, C: LVDT, D: Pendulum, E: Air bearing, F: Tensioning puUey, G: Heat 
excbanger 
• 
Detail of the diameter measurement and L VDT 
setup: B: micrometer adjustment screw, C L VDT. 
Figure 4.10: DetaUs of tbe compliance-testing chamber 
4.2.2.3 Tbe Wind kessel Chambers 
The 2 Windkessel chambers in the circuit imitated the impedance of the vascular systeI14 and in 
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emitted by the pumping device. In the circulatory system, this pulse damping effect is achieved 
by the elastici ty of the aorta, which acts as an expansion chamber and takes up a large percentage 
of the ventricular outilow. The return of the aorta to its natural state causes propagation of the 
flow in a smooth manner, in essence acting as a pump itself. This effect is continuous throughout 
the vascular system towards the periphery, but it has been found that the 'stiffness' of the arteries 
increases towards the periphery in order to maintain the con'ect blood flow velocity and to 
rninim.ise energy losses. Figure 4.11 below gives depicts a glass Windkessel chamber as used in 
the fluid circuit. The Windkessel chamber on the inlet or proximal side of the graft allowed one to 
dampen the systolic pulse. The greater the amount of air in the top of the chamber, the more 
dampened was the pulse. By adjusting the level in the second chamber, placed distal of the graft, 
the amount of back-pressure in the system could be varied. However, it was found unnecessary to 






....... ____ --' ------j.~ To graft 
Figure 4.11: Function of the Windkessel chamber 
4.2.2.4 Monitoring of Pressure, Flow and Diameter 
a) Pressure 
Pressure readings were taken simultaneously at positions just before and just after the 
graft. For this, two disposable type pressure transducers were used. These in turn were 
linked to a Triton physiological monitoring system that relayed the signal from the 
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4.2.5 Methods 
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4.2.5.3 CalcuJation of Dynamic Compliance 
Dynamic compliance was calculated by measuring the pressme differentials of three consecutive 
pulses and measuring the corresponding diameter changes by sumn:ling the measurements from 
the transducers. Values quoted are therefore diameter compliances and are given as a percentage 
change in diameter perl OOmm Hg. Some researchers quote compliance as a volume compliance 
[46,107,120], but diameter and volume comptiance are not equivocal (see section 4.2.4 below). 
Compliance values for both the 80-120mm Hg and 180-22Omm Hg ranges were calculated. 
Figme 4.14 below shows graphically how the dynamic compliance was calculated from the 
pressme and diameter traces. Compliance was then calculated from the equation: 
M 1 
C Sialic = - xl 00 . - X 100 mm Hg 
do M 
(4.1) 
Where: ~d = diameter change, cL, = original internal diameter, tiP = pressure differential (max 
test pressme - min test pressure) 
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Figure 4.14: Method ofcalcuJating dynamic compliance (shown here over 80-120mm Hg 
range). 
4.2.5.4 Static Compliance Testing 
For static testing, the same apparatus was used, but pinch valves A and B were shut, thus 
excluding the rest of the pulsatile circuit so that only the testing chamber was used. An adjustable 
syringe was used to pump fInite amounts of fluid (in this case water) into the graft. The graft was 
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pressure, while the diameter measunng method remained the same as for dynamic testing. 
Pressme and diameter recordings were taken for eacll pressure increment. It should be noted that 
the grafts were first primed with a pressme of 40rnm Hg, and the fLrst measurement taken at this 
pressme. The reason for this was to overcome the external pressure on the graft caused by the 
hydrostatic pressure when inunersed in the testing chamber. This caused the graft walls to 
collapse when the internal pressure of the graft was zero and resulted in some erroneous diameter 
measmements. 
4.2.5.5 Calculation of Static Compliance 
For each pressme increment, a reading was taken. From these, a curve. of pressure vs. diameter 
change was plotted. In the case of a linear plot, the slope of the line would give the compliance of 
that particular graft. Compliance over the 80-120rnm Hg range was calculated as well as the 
compliance over the 40-200mm Hg range (the grafts were primed with 40rnm Hg to overcome the 
effects of hydrostatic pressure in the testing reservoir) - see figure 4.15 below. The static 
compliance was calculated on diameter change by using the equation (4.1) also. Compliance 
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Figure 4.15: Method of calculating static compliance over the 80-120mm Hg and 40-200mm 
Hg range. 
Note that since the gradient of the straight line drawn between the points on the pressure-diameter 
curve will give the compliance. As can be seen, the slope of the line drawn between 40 and 
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tests the compliance of various commercially available grafts, used such a method to calculate the 
compliance. In order that the graft experiences a physiological pressure range of 80-120 mm Hg, 
the pressure is increased to compensate for the effects of the latex, for example 11 0-160mm Hg. 
To calculate this compensated range, a latex insert is first tested separately and then a graft lined 
with the latex insert, generating two static curves. The latex curve is subtracted from the 
latex+graft curve and the points are found where the difference between the curves is 80mm and 
120mm Hg respectively. These pressure values (PD1A, PSys) are then the values at which the graft 
should be tested dynamically so that it experiences the physiological pressures desired. (See 
















Figure 4.16: Graphical method of subtracting of the effect of the latex (as used by Dynatek-
Dalta, USA.) 
In this project, a similar approach was applied. The latex inserts (from Roynhardt Thb.) were 
tested statically first and an average compliance calculated. Each of the graft types were then 
tested statically with the latex inserts and static curves generated. For each graft tested, the 
average latex curve was plotted with the average static curve of the graft+latex tests. Using best-
fit equations to model the static curves, the latex curve was subtracted from the graft+latex curve 
and the equation was solved for pressure differences of 80 and 120mm Hg. These points were 
then substituted back into the graft+1atex equation to fmd the required testing pressures. 
Unfortunately this method was not completely satisfactory due to the fact that the Roynhardt latex 
inserts used were slightly thicker-walled and thus less compliant than those used by Dynatek. 
This meant that the inserts had a higher influence on the compliance of the non-reinforced grafts. 
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much effect on the compliance calculations. However, the only graft type for which this approach 
was not applicable was the non-reinforced salt-cast grafts. (See figure 4.17 below). After testing a 
number of graft types statically with the latex inserts, it was found that in order to compensate for 
the effects of the latex, a dynamic testing range of around 180-220rnm Hg was required. This was 
found to be the average amount of compensation required for the grafts to experience the 80-
120mm Hg physiological range. Therefore all the grafts were tested at this range to give more 
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Figure 4.17: Comparison of the static compliance curves for the non-reinforced salt-cast 
grafts and the latex (a) and the Pll-reinforced salt-cast grafts with the latex (b). Note that in 
the case of the non-reinforced graft, the subtraction method is not applicable due to the fact 
that the two curves are too close together. This means that pressure differences of 80 and 
l20mm Hg occur only at much higher pressures and graft diameters at these pressures 
could not be measured on the rig. 
Best-fit equation for the latex inserts (Roynhardt latex, wall thickness ±240!lm). 
y = 6.4751x 3 - 52.818x 2 +160.42x +40 
Best-fit equation of a PU-reinforced salt graft with latex insert (average curve). 
y = 132.6x 3 - 24682i + 432.59x +40 
Subtraction equation (graft+latex)-(latex) ie. (4.11-4.10). 
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4.5 SUTURE PULL-OUT TEST 
The suture pull-out test is a good test to detennine the suture retention of the graft and thus how 
close to the end of the graft the surgeon may suture without failure of the graft. Both non-
reinforced and reinforced grafts were tested. 
4.5.4 Method and Apparatus 
For this test, the lnstron tensile tester was also used. The graft was clamped in the bottom jaw 
while a half-loop of suture was clamped in the top one and pulled out of the graft. The suture 
passed once through the graft and formed a half-loop, such that it included at least two windings 
of the fibre reinforcement in the case of the reinforced grafts). The sample was then tested at the 
prescribed strain rate of lS0nun/min(see figure 4.18 below), and the force required to pull the 
suture through the graft wall or cause the wall to fail, was recorded. 
4.5.5 AAMI Requirements for the Suture PuU-out Test 
The standards advocate the use of a suitable tensile testing apparatus with a load cell and jaws 
suitable for gripping the specimen. In the case of reinforced grafts, the reinforcement should only 
be included in the test if it is to be included in the anastomosis. The grafts may either be tested cut 
obliquely to the longitudinal axis or normal to the axis. Strain rates of lSO±SOnunJmin are 
prescribed. 
Upper jaw © 
, , , , 
Graft I I -.....1: 
2 reinforcement ...r 
windings 
Suture ~ 
Lower jaw © 











5. Results & Discussion: 
5.1. UNIAXIAL TENSILE TEST RESULTS 
5.1.1 Fibre Testing 
Tensile testing was carned out to establish the mechanical properties of the materials used in graft 
manufacture ie. the reinforcing fibres as well as the porous graft material. The reason for testing 
at 37 degrees was to duplicate the physiological conditions and therefore subject the graft 
materials to realistic in-vivo conditions. Three samples of each fibre material were tested and an 
average modulus calculated for each. It shouJd be noted that moduli were calculated over linear 
regions of the curve: in the case of the nylon fibres it is the 0-5% strain region, the PU fibres over 
the 0-30% strain. The moduli of the elastane fibres were calculated from 0-100 and 0-200% 
strain, being much more extensible fibres. Unfortunately it was impossible to test the elastane 
fibres (Lycra®, Dorlastan®) in the water bath as these were too fine. 
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Figure 5.1: Tensile test curves of polyurethane and nylon monofiJaments at room 
temperature in air and at 37 deg. C in water. 
As can be seen from the above graphs, temperature definitely has an effect on the stiffness of the 
materials. All fibres show a decreased modulus (stiffness) at higher temperatures. The reason for 
th.is is that, the materials all being polymetic in nature, show an increase in the polymer-molecule 
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elevated temperatures. The polyurethane samples show a higher elongation at the elevated 
temperature, most likely also because of increased molecular mobility. The polyurethane samples 
also break at higher stresses, perhaps because of water absorption effects. 
5.1.1.2 Elastane fibre tensile tests at 100mmlmin room temp, (air tested). 
600 
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400 .. n. -.....~~., 
'" ~"fImI14iICw. ' 






200 400 SOD eoo 1000 '200 
3 samples ofLycra® and Dorlastan® fibres tested at room 
tern erature in air. 
Figure 5.2: Tensile test curves of Lycra® and Dorlastan® monofilaments tested at room 
temperature in air. 
Table 5.1: Measured elastic moduli of the polymer fibres tested. 
Fibre YOUR2'S modulus~ (GPa) 
Room temp., air 37 dee. C, water bath 
PU (0-30% strain) 0.1501 ± 0.012 0.1215 ±O.OO 1 
nylon (0-5% strain) 1.396 ± 0.082 1.561 ± 0.224 
Fibre YOUD2'S modul~ (MPa) 
0-100% strain 0-200% strain 
Lycra® 1.859 ± 0.975* 4.752 ± 0.605* 
Dorlastan® 3.411 ± 0.630* 4.90 ± 0.324* 
* Lycra® and Dorlastan® fibres tested at room temperature ill au only. 
One can see from the stiff fibre tensile tests that the nylon was much less extensible than the PU, 
since the nylon had much higher modulus compared to the PU. The nylon showed a higher 
standard deviation when tested in water, and was also stiffer, most likely due to the fact that nylon 
absorbs water and this will affect the tensile properties. However, the presence of defects in the 
individual samples might also affect measurements. The elastane fibres tested (Lycra® and 










Results and Discussion 72 
exponential way with strain. The 33 dtex Dorlastan® fibre was chosen for the reinforcement 
because it was a more robust fibre than the very fine Lycra® samples. The graphical comparison 
of the moduli of the stiff fibres and elastane fibres is shown in figure 5.3 below. 
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tested at room tem erature and 37 de . C. 
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Dorlastan® tested at room tem erature in air. 
Figure 5.3: Graphical comparison of the elastic moduli of the polymer fibres tested. 
5.1.2 Porous Graft Testing 
Samples of the non-reinforced porous salt-cast grafts and bead-cast grafts were tested to 
determine the Young's modulus of elasticity and to see if these values correlate with the 
compliance values obtained. Three circumferential samples and three longitudinal samples were 
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Figure 5.4: Tensile test curves of tbe porous graft samples tested longitudinaUy and 
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Table 5.2: Measured elastic moduli of the porous graft samples tested in water at 37 deg. C. 
Graft type Young's modulus, (MPa), 0-30% strain Young's modulus, (MPa), 30% strain-
break 
C ircumferen ti al Longitudinal C lrcumferential Longitudinal 
Salt-cast 1.255±0.187 0.851 ± 0.099 0.788 ± 0.142 0.650 ± 0.03 
Bead-cast 1.681 ± 0.327 1.090 ± 0.184 1.l18±0.123 0.681 ± 0.109 
From table 5.2 the moduli measurements show the grafts made by bead-casting to be generalJy 
stiffer than the salt grafts. The reason for this was most likely the different pore structure: the 
bead-cast grafts having a more regular structure than the salt-cast graft. Also one can see that the 
circumferential moduli are slightly h.igher than the longitudinal moduli in both the salt-cast and 
the bead-cast grafts. It is difficult to account for this effect in the bead-cast grafts, since the 
structure is fairly homogenous. The salt-cast grafts are however rolled and often 'weld-lines' are 
introduced into the grafts where the polymer paste wraps around the mandrel. For the 
circumferential testing, the samples were cut such that no weld lines were lying in the test region. 
However for the Jongitudinal samples it is difficult to avoid these and this would account for 
some weaknesses in the sample, hence giving a lower modulus. The variability in the curves and 
the failure stresses for both the salt-cast and the bead-cast grafts could indicate some non-
homogeneity of the porous structure wh.ich could be due to manufacturing techniques, but 
differences between the samples could also influence results, ie. the presence of flaws etc. 
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Figure 5.5: Average Young's moduli values of three samples of salt-cast and bead-cast 
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5.2. COMPLIANCE TESTING 
The compliance values quoted in the following sections are all diameter compliances and 
calculated using an internal diameter of 6mrn for both the salt- and bead-cast porous grafts. 
Where possible, calculated values are compared to those found in Literature. 
5.2.1 Compliance of Natural Vessels: Porcine Aorta 
Dynamic and static testing of two samples of juvenile porcine aorta showed the natural tissue to 
be quite compliant, as expected. Testing methods for the natural tissue was identical to the 
method used for the porous grafts. The results are shown in Figure 5.6 and table 5.3 below. 
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Figure 5.6: Static compliance curves of two samples of porcine aorta and a dynamic 
measurement of one of the samples. 
In figure 5.6 (a), sample 2 initially shows a slight decrease in diameter with pressure, which is 
difficult to explai.n, but the diameter begins to increase after 120mm Hg. This could be attributed 
to the diameter size mismatch between the latex inserts and the aorta, so the latex takes up the 
initial pressures. Also, the aorta was tapered. Unfortunately, the samples could not be tested 
without the latex inserts due to the presence of small side vessels off the aorta which would have 
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Table 5.3: Measured static and dynamic compliances of the porcine aorta. 
Static compliau.te (%/lOOmm He) Dynamic compliance (%/IOOmm Hg) 
80-120mm He 40-200mm He 80-120mm He 180-220mm He 
5.0* 7.21 ± 1.07 8.62 ±3.31 25.75 ± 2.83 
*Compliance calculated from one sample only 
As can be seen from the results, the dynamic compliance in the 180-220nun Hg range is quite 
itigh compared to the other results. Ibis could be due to the elasticity of the aorta, the rapid 
distension of the wall due to the pressure pu lse causing the pendulums to 'bounce' slightly, thus 
increasing the diameter reading. However, Kinley [27] quotes a volume compliance of 26.8% 
(about 13% diameter change) for a human aorta, although the work does not say whether it is 
static or dynamic compliance. 
5.2.2 Static Compliance of Latex Inserts 
Six samples of latex inserts were tested to ascertain their static compliance. The value of 14.24% 
calculated over the 80-120nun Hg is quite itigh compared to the grafts, but is only half of the 
compliance value of the inserts used by Dynatek (see 5.2.6), which had a compliance of 28.52% 
when tested. Thus one can assume their inserts to be much thinner-walled than the ones used in 
titis project. The static compliances are shown in table 5.4 below. 
Table 5.4: Static compliance of the latex inserts. 
Static compliance 
80-12Omm He (%I100mm He) 40-200 mm 112 (%/lOOmm Hg) 
14.24 ± 2.42 J 9.89 ± 3.55 
5.2.3 Salt-cast Grafts 
Salt-cast grafts with a variety of reinforcement were tested statically on the rig. Three samples of 
each graft type were tested. Table 5.5 and figure 5.7 below gives the results and standard 
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Table 5.5: Static and dynamic compliance measurements of the different types of salt-cast 
grafts tested. 
Graft type Static compliance, %/100mm Hg Dynamic complianc~ %/100mm 
80-12Omm Hg 40-200mmHg 80-120mm Hg 180-220mm Hg 
Non-reinforced saJt-cast 9.21 ± 0.84 12.38 ± 1.66 5.36 ± 0.46 5.88 ± 0.16 
graft 
SaJt-cast graft + PU 4.18 ±0.19 4.99 ±0.25 4.43 ±2.66 3.86 ± 1.85 
monofilament at 2.5nun 
pitch 
Salt-cast graft + 8.47 ± 1.68 9.74 ± 2.22 6.51 ±0.96 7.72 ±1.26 
Dorlastan® 
monofilament at 2.5mm 
pitch (single wind) 
Salt-cast graft + 7.77 ± 0.63 9.20 ± 0.46 7.08 ± 1.46 9.50 ± 1.36 
Dorlastan® 
monofilament at 2.5mm 
pitch (double wind) 
SaJt-cast graft + nylon 1.76 ± 0.48 1.84 ± 0.53 1.98 ± 0.96 1.80 ± 0.28 
monofilament at I rum 
Qitch_(single wind) 
Salt-cast graft + nylon 3.46± 1.37 3.72 ± 0.84 2.53 ± 1.48 2.72 ± 0.59 
monofilament at 2.5mm 
. pitch (single wind) 
Salt-cast graft + nylon 4.84 ± 0.24 5.76 ± 1.52 3.22 ± 1.13 3.61 ± 0.28 
monofilament at 5nun 
pitch (single wind) 
Salt-cast graft + double 6.06 ± 0.74 6.62 ± 1.33 3.71 ± 1.07 5.14±2.16 
Dorlastan® 
reinforcement at 2.5nun 
pitch + loose nylon 
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Figure 5.7: Static and dynamic compliance values of the various salt-cast grafts tested 
The non-reinforced grafts had the highest static compliance when compared to the reinforced 
grafts. However, dynamic compliances were actually lower than the Dorlastan® reinforced 
samples. A possible explanation for this could be that the winding of the elastane filament on the 
grafts actually weakened them due to the winding solvent eating into the graft, and the filament 
itself being very weak did not significantly sh·engthen the graft. The grafts with the double-
winding of Dorlastan® also had a higher static compliance than the singly reinforced grafts, 
which possibly supports this theory as more solvent would have been applied to the graft, 
therefore weakening it further. The least compliant grafts were the nylon-reinforced grafts, 
understandably since nylon was the stiffest reinforcing material. Compliance increases almost 
linearly with an increase in winding gap for the nylon-reinforced samples. In most cases, the 
dynamic compliance values were lower than the static ones, as predicted. Being visco-elastic, the 
grafts will appear stiffer because of the higher strain rates experienced during dynamic testing. 
5.2.4 Bead-cast Grafts 
Some reinforced bead-cast grafts were also tested for purpose of comparison with the salt-cast 
grafts. Three samples of each graft type were tested. Table 5.6 and figure 5.8 below gives the 
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Table 5.6: Static and dynamic compliance measurements of the different bead-cast grafts 
tested. 
Graft type Static compliance, %/IOOmm Hg Dynamic compliance, %/I00mm 
80-120mm Hg 40-200mm Hg 80-120mm Hg 180-220mm Hg 
Bead-cast graft, non- 5.21 ± 0.91 5.87 ± 1.68 5.03 ± 0.06 6.02 ± 0.31 
reinforced 
Bead-cast graft + PU 4.57 ± 0.92 4.92 ± 0.69 1.83 ± 0.30 2 .62 ± 0.85 
monofilament at 2.5mm 
pitch 
Bead-cast graft + 7.47 ± 3 .65 7.13±0.68 4.60 ± 0.33 4.95 ± 0.62 
Dorlastan® 
monofilament at I mm 
pitch (single wind) 
Bead-cast graft + single 3.25 ± 1.50 2.96 ± 1.49 1.83 ± 0.79 2.69 ± 0.64 
Dorlastan® 
reinforcement at 2.5mm 
pitch + nylon 
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Figure 5.8: Static and dynamic compliance values of the various bead-cast grafts tested. 
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As with the salt-cast grafts, the bead-cast grafts reinforced with nylon had the lowest compliance 
as expected (the last set shown in the graph above, with a combination reinforcement of nylon 
and Dorlastan®. Interestingly, the grafts reinforced purely with Dorlastan also had a higher static 
compliance than the non-reinforced grafts. The compliance of the non-reinforced grafts was quite 
close to the 5.87% compliance quoted by Ballyk [28] for human femoral arteries (which are of 
similar diameter the grafts manufactured in this work). However, this value would probably 
increase with time after implantation. As with the salt-cast grafts, the values measured for 
dynamic compliance were generally lower than those measured for static compliance. 
5.2.5 Tenon® Commercial Grafts (4mm internal diameter) 
Teflon® grafts with a 4mm internal diameter were tested as a means of comparing the 
compliance values obtained by our apparatus with those obtained by other researchers for this 
type of graft. Only static compliance testing was measured, since the Teflon® was a very stiff 
material and the wall displacement under dynamic conditions was very small and cou Id not be 
measured on the apparatus. 
Table 5.7: Static compliance measurements of the commercial Tenon® grafts tested. 
Static Compliance . . 
8O-120mm Hl1.(%1l00mmHg) 40-2OOmm Hg (%/1OOmm I:Igl . 
3.58 ± 0.94 2.66 ± 0.29 
5.2.6 Grafts Tested by Dynatek Dalta® Scientific Instruments, USA. 
For the sake of comparison, three graft types were sent to Dynatek Dalta Scientific Instruments, 
Galena, Missouri, USA. A non-reinforced salt-cast graft, a non-reinforced bead-cast graft and a 
Salt-cast graft reinforced with nylon at a 2.5mm pitch were sent They te~1ed only one sample of 
each graft type, dynamically at 72 beats per minute. Latex inserts were used during testing to 
prevent leakage. They also supplied dynamic compliance data of the latex inserts. The results 
supplied were compensated (the effect of the latex had been subtracted) and hence are compared 
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Table 5.8: Compliance values of some of the grafts as measured by Dynatek Dalta USA 
compared to the dynamic values obtained on the apparatus. 
Graft type Dynatek dynamk Measured dynamic 
radial compliance - compliance (180-
%/tOOmm Hg 220mm Hg range). -
%/l00mmH2. 
Non-reinforced salt- 4.06 5.88 ± 0.46 
cast graft 
Non-reinforced bead- 1.73 6.02 ± 0.06 
cast graft 
Salt-cast graft 4.76 2.72 ± 1.48 
reinforced with nylon 
at 2.5nun pitch. 
Latex insert (Dynatek 28.52 14.24±2.42 * 
latex). 
* StatIc complIance measured from 80-] 20rnm Hg. 
It should be noted that the Dynatek results supplied to us were quoted as a radial compliance and 
are calculated based on a change in internal volume. The values quoted above however, have 




























Figure 5.9: Dynatek Dalta® dynamic compliance results compared to tbe dynamic values 
measured on the rig. 
One can see that the Dynatek results for the salt- and bead-cast grafts are lower than the values 
measured in this report for the same graft types. They record a higher compliance for the 
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their latex inserts is quite high (28.52%/100 mm Hg) compared to the measured static values of 
the Roynbardt inserts used in this project. Unfortunately, these inserts could not be tested 
dynamically with our method since the latex caused the pendulwns to 'bounce' off the graft 
during dynamic testing, resulting in an erroneous diameter measurement. However, Dynatek latex 
inserts were tested staticaUy on the rig and compared to the Roynbardt inserts. The Dynatek 
inserts were more compliant (25.83%/100mm Hg compared to 14. 1 70/01 100mm Hg) - see figure 
5.10 below. This difference in the compliance of the inserts suggests that their compliance values 
should be higher, but this is not the case. The difference in their values could be attributed to the 
fact that they only tested one graft of each type due to the high cost of testing, whereas 3 of each 
type were tested in this report. Once returned to us, the 3 grafts were re-tested on the compliance 
rig (see graph above). The retest values were somewhat higher for the non-reinforced salt-cast 
graft and the nylon-reinforced graft than the values recorded previously for these graft types. This 
could be attributed to a deterioration in material properties between one test and the next (due to 
pre-test axial tensioning), or it could just be a more compliant graft and is not representative of an 
average of a few samples. The non-reinforced bead graft is the stiffest with a compliance of 
3.73%1100 mm Hg when tested dynamically in the 180-220mm Hg range, surprisingly stiffer than 
the reinforced graft. The fact that they record a higher compliance for the reinforced salt graft 
than for the non-reinforced one is difficult to explain and could have something to do with the 
way the latex effect is subtracted. Otherwise, their method for calculating compliance is 
essentially the same, the only difference being that they use a change in internal volwne of the 
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II Predicted compliance. without 
latex insert 
• Predicted compliance, with latex 
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o Measured sIalic compliance. 60-
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Figure 5.11: Predicted and measured (static, SO-120mm Hg) compliance values ofsome of 
the salt-cast grafts. 
Although the predicted values are much lower than the measured ones, there is some a correlation 
between graft stiffness and reinforcing material (the nylon is stiffer than the PU fibre). The effect 
of winding pitch on compliance may be noted by the grafts reinforced with nylon at 1, 2,5 and 
5mm pitches. Hence one can stili use the theory as a qualitative tool to see the effect of 
reinforcing material and structure on compliance. The difference in the values could be most 
likely attributed to the assumptions made: non-compression of the graft wall, no pre-tension on 
the windings, and constant material properties. Possibly, the fact that the reinforcing winds were 
modelled as single and separate rings as opposed to a continuous winding, wiJl be the major 
contributor to the difference in predicted and measured compliances. A graft with a continuous 
winding will intuitively be more compliant than one reinforced with separate rings. 
5.2.S Comparison of the Compliance Values of the Reinforced Porous Polyurethane Grafts 
to Natural and other Synthetic Vessels. 
For comparison of the compliance of these grafts with compliance values in other literature, only 
the static compliance values have been used. The reason for this is that the measured dynamic 
values are in most cases lower due to the visco-elastic effects of the porous graft material, as well 
as the fact that dynamic compliance can be shown to be pressure and testing-rate dependent. They 
are therefore not indicative of a true compliance. Thus static compliances over the 80-120mm Hg 
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Figure 5.12: Static compliance curves of some of the grafts tested compared to the porcine 
aorta and 4mm commercial Tetlon® grafts. 
Note the plot for the salt-cast graft reinforced wlth a double wlnding of Dorlastan® has a closer 
static compliance plot to the porcine aorta sample, and being above the non-reinforced plot 
indicates it to be slightly stiffer than this graft type. 
5.2.9 Notes on Static Compliance Testing 
For static testing, it was found necessary to prime the grafts with about 40nun Hg in order to 
prevent any irregularities in the graft shape from influencing the readings. For most graft types 
the static results were quite reproducible from one sample to the next, with some exceptions, 
which could be attributed to differences in quality of the porous grafts (often some defects are 
introduced during manufacture of the grafts). These differences were particularly noticeable in the 
bead-cast grafts, wlth some large variation in the shape of the static curves. This could be 
attributed to some non-homogeneity in the cast structure. During casting, there are several factors 
that could influence the flow of polymer through the column of beads (see 3.2 "Manufacturing 
techniques"). For example the packing of the beads in the column might not be optimal and might 
result in some variations of homogeneity. However, only the best graft samples were chosen for 
testing. Despite this there are always some defects. Another factor that could affect the 
compliance results is the quality of the latex liners. From the static testing of these tubes one can 
see that there is some variation in the pressure-diameter response of the liners. Since these were 
made by a dipping process, there is always a chance of the wall th.ickness not always being the 
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as over the total applied pressure range. In all graft types, the total compliance values were higher 
than those in the 80-120mm range, indicating that the grafts appear stiffer or less compliant at 
lower pressure values. This is corroborated by the static compliance curves, which show a 
decreasing gradient with increasing diameter. One would expect the opposite to occur. Most 
probably, a stiffening of the graft wall might occur at much higher pressures (ie. above 300 or 
400mm Hg), but the apparatus would not have been able to measure above such pressures, since 
the linear variable displacement transducers (L VDT) were onJy capable of measuring up to a 
certain diameter. It should be pointed out that for the static tests, the pressure was increased to the 
maximum measurable diameter. For the non-reinforced grafts and those reinforced with 
Dorlastan®, this maximum pressure was usually around 200-260mm Hg, while those grafts with 
stronger reinforcing (nylon, PU) were tested to higher pressures (up to 300 mm Hg). Ifit had been 
possible to test up to higher pressures, perhaps a change in the shape of the pressure-diameter 
curve might have occurred, and indeed this is expected, particularly in the case of the reinforced 
grafts. Figure 5.13 below shows a graphical comparison of the static compliance values measured 
for the various salt-cast and bead-cast grafts. 
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Figure 5.13: Static compliance values of latex inserts, salt-cast and bead-cast grafts 
5.2.10 Notes on Dynamic Compliance Testing 
Dynamic compliance testing was carried out on the grafts at two pressure ranges: 80-120nun Hg 
range and 180-220mm. Reproducing the exact diastolic and systolic pressures for consecutive 
tests was found to be quite demanding, since the pressure regulator for the pressure vessel and the 
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reservoir, and there is no return flow into it, one has a limited volume to pump through the graft. 
This means a reduced testing time is available and adjustment of the diastolic and systolic 
pressures has to be done within this time, until the correct pressure curve is obtained (see 4.2.2.2 
"Operation of the fluid circuit"). It was found however, that the shape of the pressure curve was 
quite reproducible for consecutive tests, even though the diastolic and systolic pressures might 
vary by up to 10-15 nun Hg between tests. For most graft types, compliance values were slightly 
higher in the 180-220mm Hg range compared to the 80-120mm Hg range (see figure 5.14 below). 
Again, as with the static tests, one would expect this to be the opposite, and especially the 
reinforced grafts should show a decrease in compliance with pressure. For comparative purposes, 
the values at the higher pressure range were used, since the effect of the latex liners is being 
compensated for. Mid-graft pressure was calculated by averaging the peak proximal and distal 
pressure values, obtained from each of the two pressure transducers. Because of the distension of 
the graft during a pulse, the pulse distal of the graft is always characteristically dampened and is 
always lower than the systolic pulse. When adjusting the pressure regulator and pinch valve, it 
was necessary to adjust the curves according to the average pressure, ie a point between the 
systolic and diastolic pressure traces. The dynamic compliance is therefore calculated mid-graft 
since the diameter measurement is also taken at this position. 
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Figure 5.14: Dynamic compliance values of salt-cast and bead-cast grafts. 
Figure 5.15 below show different diameter traces for some of the grafts tested compared to the 
dynamic tests conducted on the porcine aorta samples. Note how stiff the 4mm commercial 
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Figure 5.15: Diameter curves from the dynamic tests of some of tbe grafts tested compared 
to the Porcine aorta and 4mm commercial Teflon® grafts (Dynamic tests conducted at the 
elevated 180-220mmHg range). 
The visco-elasticity of the grafts is also demonstrated by the time lag of the pressure and diameter 
curves. The diameter curve always lags slightly behind the pressure curve due to stress-time 
effects. A perfectly elastic material would respond inunediately to an increase in pressure, and it 
was evident that the more compliant grafts also followed the pressure curve closely, whereas the 
less compliant grafts tended to exhibit a smaller-amplitude diameter curve. The more compliant 














0.5 0.7 0.' 1.1 " 
1.5 
TIme. s 
Extrapolation of the mid-graft pressure from the 
roximal and distal ressure curves 
o. 
,,0 +--==~-T-;,;==-------j 015 
20 +--- I--i---P..-- ----f 0.' 
C> 
~ 00 +----++-'---'c-'o....?_-r---f 0.2> 
E c_:;;:_=c:: ...... = .. c::.~:=cHo::1. 
~- 80 02 =::::---lIImHg 
:::J 
:: 60 !-------+f-'-'l,--------j 0.15 
~ 
Il. '0 !-----/-_+-------j 0.1 
20 !----+o- o---\-------I "" 
0.' " " Time. s 
The time lag of the diameter curve in relation to the 
ressure curves 











.. , t-------=:o-- ------=- -----j 
'" r 
E , ~~-~~~~~~~~~ 
~,~~~-~~--r~~-~£--, 
~ 
~ , r-------~ .. £ ) r---~--,,~ 
















6rrun non-reinforced salt-cast graft tested 
dynamically at the 80-120rrun Hg range (proximal, 





::I .. .. 
~ 
Q. 
Results and Discussion 89 
". ... 
" ,. 
· " · '" · Distal pressure • Diameter chango 
" 
4mm Teflon® commercial graft tested at 80-
120mm Hg range. 
E 
E .. 







Figure 5.17: Comparison of dynamic compliance curves of a non-reinforced salt-cast graft 
and a commercial 4mm Teflon® graft. 
The effect of testing rate on compliance was evaluated on only one set of grafts: the non-
reinforced salt-cast grafts. Although one would expect a decrease in compliance at higher testing 
rates because of the visco-elastic behaviour of the grafts, there is actually an increase in 
compliance, as demonstrated in figure 5.18. Conti, Strope et al [45] tested the effect of testing rate 
on compliance of latex tubes and found a decrease in compliance with increased testing rates, 
although it should be pointed out that they tested up to much higher frequencies (72 - 2700 bpm). 
Despite this, they show a decrease in compliance in the samples tested at 72bpm and 400 bpm. 
The compliance decreases further up to a rate of ] 600bpm and then increases again. The possible 
cause of this, suggested by Conti and Strope [45], couJd be a hannonic oscillation in the system 
ie. there might be some resonance at certain frequencies that coincide with the natural frequency 
of the graft being tested. TIlls could explain for a decrease and then increase in compliance. Of 
course this would depend on the graft material. The apparent increase in compliance of the saJt-
cast grafts could be explained by the inertia of the diameter measuring system. The two 
pendulums which make contact with the graft wall are fairly heavy, and at higher testing rates, the 
fast-moving pulse passing through the graft could cause the pendulum to 'bounce' off the side of 
the graft wall. This would cause it to move to a larger diameter and would account for an increase 
in the transducer reading. This effect could be slightly reduced by increasing the angJe at which 
the pendulums made contact with the graft (by winding the micrometer screws in), thereby 
improving the response of the pendulums. Ideally, one requires a non-contact measuring system, 
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Figure 5.18: Tbe effect of testing rate on compJjance of salt-cast grafts with no 
reinforcement. 
5.2.11 Tbe Effect of Reinforcing Structure on CompJjance (wind angle, number of 
windings). 
The effect of winding angle (winding gap/pitch) on compliance was determined by the set of 
nylon-reinforced salt-cast grafts. Grafts were reinforced with wind gaps of 1, 2.S and Smm 
respectively. The results show a definite increase in compliance with larger winding gap, 
although it is not quite proportional (see figure S.19 below). Obviously, a smaller wind gap means 
more reinforcing winds per length of the graft and this would increase the graft stiffness, hence 
decreasing compliance. Grafts reinforced at a larger wind gap than Smm migllt have an even 
closer-matching compliance to the 6% of a human femoral artery. Salt-cast grafts were also 
reinforced with single and double traverses of Dorlastan® 33 dtex monofilament, at a single 
winding pitch value (2.Smm). If one looks at the results, there is not much difference between the 
compliance values of the single and double-wound grafts. The static compliance values over the 
80-120mm Hg range were quite close (8.47% and 7.77% respectively), but slightly stiffer than the 
non-reinforced salt-cast grafts which had compliance of 9.21 %. The reason for the values being 
close could be that the Dorlastan® was a very fme fibre and thus did not have much effect on the 
stiffness of the graft. That is to say that there might have been comparatively little effect on 
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Figure 5.19: Variance of compliance with winding angle and comparison of the compliance 
values of non-reinforced, single-and double- wound DorLastan® reinforced salt-cast grafts. 
5.2.12 The Effect of Reinforcing Material on Compliance 
As shown by the uniaxial tensile tests, the nylon fibre is stiffer than the polyurethane fibre, The 
compliance values of the grafts reinforced with these two fibres reflect this difference in elastic 
modulus. The salt-cast grafts reinforced with PU had a higher compliance (were less stift) than 
those reinforced with nylon (both at the same wind pitch:2.5mm), The salt-cast grafts with nylon 
at 2.5mm had an average static compliance of 3.46%/I00mm Hg (in the 80-120mm Hg range), 
while the salt grafts with PU had a value of 4.18% for the same test (see figw-e 5.20 below). The 
dynamic tests also yielded lower compliance values for the nylon grafts. The Dorlastan® 
reinforcing had a comparatively small effect on compliance, the single- and double- reinforced 
salt-cast grafts showing static compliances over the 80-120mm range of 8.47% and 7.77% 
respectively compared to the 9.21% of non-reinforced grafts. The reason for this was that the 
elastane fibre was much weaker than the nylon and PU fibres, and was also much smaller in 
diameter. For Dorlastan® to have more effect on compliance, a thicker fibre would have to be 
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Figure 5.20: Compliance values of grafts reinforced with PU, Dorlastan® and nylon 
5.2.13 The Variation of Compliance with Pressure 
From the static compliance cmves generated, it is evident by the shape of the cmve that the rate 
of diameter change increases with pressure. That is to say, by plotting diameter as a fimction of 
pressure, the gradient of the cmve increases with pressure. This means that compliance actually 
increases with pressure. This was evident in all the grafts tested. As mentioned earlier, the static 
testing was onJy performed up to about a maximum of 300nun Hg, so what happens after that 
cannot be ascertained. One would expect that the compliance begins to decrease at a certain 
pressure level. From two sets of grafts, the pressure-diameter cmve was plotted. From the sample 
judged to be the average of the three tested, a best-fit second-order polynomial was plotted. The 
fust derivative of this cw-ve was taken to give the compliance as a fimction of pressure. See figure 
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PU-reinforced salt-cast graft diameter vs pressure 
and com liance vs. ressure. 
Figure 5.21: Variation of diameter with pressure and compliance vs. pressure for non-
reinforced and PU-reinforced salt-cast grafts. 
Note that the gradient of the compliance plot is higher for the non-reinforced graft than the 
reinforced one. This means that the compliance of the reinforced graft increases more slowly than 
the non reinforced one, as expected, indicating greater stiffness. 
5.2.14 Compliance of the Combination-reinforced Grafts 
To improve the compliance of salt- and bead-cast grafts, they were [ITst reinforced with single 
materials CPU, nylon., Dorlastan®), and then with a combination of Dorlastan® monofilament and 
nylon. The reason for using a combination of materials was to try and replicate the response of a 
natural adventitia, which has two distinctly different material components. The bead cast grafts 
were reinforced with a single wind of Dorlastan® at a 2.5mm pitch and a single wind of nylon 
also, at the same pitch. The nylon winding bisected the Dorlastan® winding and both fibres were 
secured to the graft surface by 'gluing' them with polyurethane solvent. The salt grafts were 
reinforced in a similar manner, but instead having 2 traverses of Dorlastan at 2.5oun and a single 
loose winding of nylon at a 5mm pitch, attached only at the ends of the graft to prevent 
unravelling. The reasoning for this was to try and imitate the response of elastin and collagen., the 
elastin taking up the initial stress and the collagen 'arresting' the graft distension at a certain 
pressure. The bead-cast grafts with this reinforcement had quite a low compliance ( 1. 91 %11 OOmm 
Hg static 80-12Omm Hg range, and 1.46 %, dynamic 80-120mm Hg range), while the salt grafts 
had a higher compliance (4.38%, 2.68% for the same two tests respectively). Wrapping the nylon 
loosely around the salt graft was deemed unsuccessful, as the windings did not remain at a 

























P I'h8ll 1"8. mm Hg 
Static compliance plots of non-reinforced salt-cast 
graft compared to the graft reinforced with double 
Dorlastan winding at I mm pitch and loose nylon 
fibre at 5mm itch 






co M C .. 
.c 
u 0.' 
2l ,~ .. 
E 
'" " is ,., 
o. , 
" 20Q '250)0(] 3W 
P~ssure. mm Hg 
Static compliance plots of non-reinforced bead-cast 
graft compared to the graft reinforced with a single 
Dorlastan winding at 2.5mm pitch and single nylon 
fibre at 2.5mm itch 
Figure 5.22: Comparison of tbe static compliance plots of non-reinforced and reinforced 
salt and bead-cast grafts. 
By comparing the static compliance plots in figure 5.22 above, it is easy to see the effect of 
reinforcement on the compliance: the non-reinforced grafts increase more in diameter per 
pressme increase, and are over-compliant. The reinforced grafts are about 50% less compliant, as 
indicated by the lower gradient of the curve. There is no sharp transition point on the curve where 
the nylon fibre comes into play however. This is most likely due to a to a longitudinal stress 
change, and being under a pre-tension, the increase in circumferential stress wiJJ result in a 
relaxing of the longitudinal stress. Hence some of the circumferential stress will be absorbed and 
the effect of the reinforcing will be less not ceable. 
5.2.15 Reproducibility of tbe Compliance Results. 
Results for static and dynamic compliance tests were found to be quite reproducible, although the 
correct setting up of the apparatus is very important (especially dynamic testing, where it is 
important to test at the same pressure ranges each time). A variation in the shape of the static 
pressme-diameter curve between samples is most likely the result of a variation in the properties 
of the porous graft. OnJy the best porous grafts were chosen for testing, but despite this, there are 
still some variation between the quality of one graft and the next. Often this is due to irregularities 
in the cast structure, (which mostly occur in the case of the bead-cast grafts). The curing and 
washing of the grafts is also important, as the amount of curing time will affect the strength of the 
polyurethane. Proper washing of the bead-cast grafts is important to ensure that all the pore-
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I ~ Average bursting pressure (n-3) I 
Figure 5.28: Burst pressure values of some of the non-reinforced and reinforced grafts. 
5.4 CREEP TEST1NG (EXTENDED DYNAMIC TEST1NG) AND THE EFFECT OF 
TEMPERA TURE ON COMPLIANCE 
An extended dynamic test was performed on four graft types: a non-reinforced salt-cast graft, a 
salt-cast graft reinforced with a double winding of Dorlastan® filament, a bead-cast graft 
reinforced with a combination of Dorlastan® at 2.5mm pitch and nylon at 2.5mm pitch, and a 
bead-cast graft reinforced with polyurethane monofilament at 2.5mm pitch. This was to ascertain 
the effect of continued dynamic testing on the compliance of a non-reinforced graft at 37 deg. C 
and compare it to three reinforced grafts. Data sampling was taken at 0, 10, 20, 30, 60, 120 
minutes, 4 hours and 20 hours. Testing was performed at the 80-12Omm Hg pressure range. The 
change in original relaxed diameter was also measured. This was found to be an increase of 2.8% 
on the original diameter of8.3mm on the non-reinforced graft and 2.86%, 3.15%, and 6.31% for 
the reinforced grafts respectively. As can be seen from the figures below, there is an increase in 
compliance of all the grafts tested. The compliance of the non-reinforced grafts showed an 
increase of 51.5%, the compliance at the start of testing being 4.95%, after 20 hours being 
7.5%1l00mm Hg. This proves the need for an adventitial reinforcement, especially in the case of 
the porous PU grafts, as they would most likely fail after only a short implant period. The 
reinforced grafts also showed an increase in compliance over the 20-hour period, and even the 
combination-reinforced bead-cast graft and polyurethane-reinforced graft seem to show an ever-
increasing compliance. In the case of the combination-relnforced graft, this could be due to 
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strength when immersed in water). The Dorlastan®-reinforced salt-cast graft seems to show a 
levelling-out of compliance after about 2 hours and is more stabilised, the values at 2 hours, 4 
hours and 20 hours being 8.33%, 8.95% and 8.51 %11 OOrnm Hg respectively. So, although the 
compliance has increased significantly, it seems as though the reinforcement has prevented any 
further distension of the original diameter. Also, the polyurethane-reinforced graft seems to show 
a stabilised compliance of about 4.5o/oI100rnm Hg after 2 hours of testing, after starting with a 
low compliance of 1.84%1100rnm Hg. One would have expected after continued testing that the 
reinforced grafts would show 'bulging' between reinforcements as the porous material weakened, 
but this phenomenon was not reaUy significant. 
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5.4.2 Salt-cast Graft Reinforced With a Double Winding of Dorlastan® elastane 
monofLIament 
.~ ~---------------------------, 
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Figure 5.30: Increase of dynamic compliance with time of Dorlastan®-reinforced salt-cast 
grafts. 
5.4.3 Bead-cast Graft Reinforced with Single Winding of Dorlastan® Elastane 
MonofLIameot at 2.5mm Pitch Plus Single nylon Reinforcement at 2.5mm. 
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5.4.4 Bead-cast Graft Reinforced with Single Winding of 290J.Lm Polyurethane 
Monofilament at 2.5nun pitch. 
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Figure 5.32: Increase of dynamic compliance with time ofPU-reinforced bead-cast grafts. 
5.4.5 The Effect of Temperature on Compliance. 
The effect of temperature was also examined, by testing a non-reinforced salt graft. Testing 
compliance at 22 deg. C and 37 deg. C yielded a 67.3% increase in compliance, from 3.09% to 
5.l8%1100mm Hg respectively. Interestingly, this is almost in proportion to the 68.2% 
temperature increase but this could be coincidental. Also, this affmns the importance of testing at 
reaJ istic temperatures when measuring compliance of the grafts. 
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5.5 SUTURE RETENTION TESTING 
These tests were perfonned merely as a way of detennining the suturability of the grafts, and 
what force would be needed to tear the graft with a suture passing through the graft wall. In the 
case of the reinforced grafts, the suture passes through at least two windings near the cut edge of 
the graft . Tests were conducted on the Iustron tensile testing apparatus at a strain rate of 
150mmlmin. The non-reinforced salt grafts proved to be the weakest, with an average pull-out 
strength of l.59N, while the non-reinforced bead graft gave a value of 3.28 (n=3). Again this is 
proof of the bead-cast structure being stronger than the salt-cast one. The strongest gra.fts tested 
were the bead-cast grafts reinforced with the PU fIbre at 2.5mm pitch, with a suture pull-out load 
of 4.89N. One could aJso modifY this test to see how well the reinforcing is 'glued' to the graft 
swface, by using the apparatus to pull the winding off the graft surface. 
Table 5.10: Average failure strengths of the suture pull-out tests for some ofthe grafts 
tested. 
Graft type A verage tearing strength, N 
Salt-cast, non-reinforced l.59±0.19 
Salt-cast + PU monofilament at 2.5mm pitch 3.52 ± 0.37 
Bead-cast graft, non-reinforced 3.78 ± 133 
Bead-cast + PU monofilament at 2.5mm pitch 4.89 ± 0.59 
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ADDENDUM I -Operation of the adjustable pressure 
reservoir & flow waveforms 
AI: Operation of tbe Adjustable Pressurised Reservoir 
Pressure 
reservoir 
1 To roller pump 
Regulator 
Compressed air 
Adjustment ofthe air pressure in the airspace at the top of the reservoir is achjeved by adjustment 
of the regulator 
A2: Examples of tbe different waveforms achieved by varying certain parameters in tbe 
fluid circllit. 
Waveform Description I circuit conditions 
a 74 beats per min, Windkessel I full, Windkessel 2 90%, conlTol valve 80% 
closed. 
b 120 bpm, same as above 
c 120 bpm, same windkessellevels, control valve open 
d 120 bpm, same windkessellevels, control valve 90% closed 
e 120 bpm, windkessel 1213 full, windkessel2 90% full, valve 90% closed. 
f 120 bpm, windkessel I 80%, windkessel 2 90%, valve 90% closed 
g 120 bpm, windkessel I full, windkessel 2 90%, valve 90% closed. 
h 200 bpm, windkessel I full, windkessel 2 90%, valve 90% closed. 
I - I Proximal pressure 
I - I Distal pressure 
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ADDENDUM II -- Compliance results 
NOTE: For the dynamic compliance tests graphs, the foUowiug legend applies in all tests: 
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Dynamic testing 
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b) Salt-cast grafts reinforced with combination reinforcement: double wrapping of 
Dorlastan® 33 dtex at2.Smm pitcb plus loose winding of nylon monofilament at Smm pitch 
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A4: Bead-cast grafts 
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Dynamic testing: 
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d) Bead-cast graft with a combination-reinforcement: Single wrapping of 33 dtex 
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ADDENDUM III - Latex compensation 
The following are graphs of the static compliance curves plotted for each graft type tested with 
the latex inserts compared to the static curve of the latex tested separately. The equations used 
used as best-fit plots to calculate the compensated pressure range are shown on each graph. 
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